ABSTRACT: The mechanisms that drive density dependence are rarely studied in the applied context of population management. We examined the potential for competition for food and shelter and the resulting demographic density dependence to influence how well populations of the eastern king prawn Penaeus plebejus Hess can recover following marine stock enhancement programmes in which captive-bred juveniles are released into the wild. Specifically, manipulative laboratory experiments were used to quantify the differential effects of competition for food and competition for shelter on survival of wild and captive-bred P. plebejus as densities were increased and as each category of P. plebejus (wild or captive-bred) was supplemented with the alternate category. Increasing population densities when food and shelter were limited lowered survival for both categories. When food was limited, survival of both categories was unaffected by addition of the alternative category. Adding wild P. plebejus to their captive-bred counterparts when shelter was limited under laboratory conditions resulted in significantly higher mortality in captive-bred individuals. In contrast, adding captive-bred P. plebejus to wild individuals under these conditions did not affect wild P. plebejus. We conclude that if the current results can be extended to wild conditions, competition for shelter may lead to the loss of captive-bred P. plebejus, thereby reducing the intended outcomes of stock enhancement. This highlights the importance of investigating interactions between wild and captive-bred animals prior to stock enhancement to predict long-term outcomes and identify situations where stock enhancement could be an effective response to the loss of populations or recruitment limitation.
INTRODUCTION
In the face of global habitat degradation and overexploitation in marine ecosystems, the effective management and conservation of living marine resources relies on a firm understanding of the processes that regulate population dynamics (Hixon & Jones 2005 , Rockwood 2006 ). Demographic density dependence, whereby a population's growth rate is limited by its size, plays a critical role in constraining population fluctuations within their upper and lower limits (Pile et al. 1996 , Webster 2004 . Competition is a common cause of density dependence in various habitats and communities (Connell 1983 , Schoener 1983 , Tilman 1987 and arises when the density of organisms that share the resources within a given area approaches the local carrying capacity (Connell 1983 , Walls 1998 . Competition often acts to lower densities by reducing the rate of demographic processes such as survival, growth and/or fecundity (Solomon 1949 , Keeley 2001 , Boaventura et al. 2002 . Management and conservation programmes aimed at restoring and regulating populations should therefore consider their influence on competition and its densitydependent effects (Holbrook & Schmitt 2002) .
Stock enhancement and sea ranching programmes involve the release of large numbers of captivereared individuals into the wild to supplement exploited populations or increase fishery yields beyond levels supported by natural recruitment (Bell et al. 2006 (Bell et al. , 2008 . Such management programmes can result in demographic density-dependent effects through competition for resources (Kleiman 1989 , Molony et al. 2003 , Støttrup & Sparrevohn 2007 . Stock enhancement has been attempted globally for a wide range of species, including marine and freshwater fish (Berejikian et al. 1997 , Lenanton et al. 1999 , lobsters (Agnalt et al. 1999) , eels (Wickström et al. 1996) and abalone (Cook & Sweijd 1999) , and generally results in an abrupt increase in population densities and the sudden coexistence of wild and captive-bred conspecifics. Since these 2 categories of animals often show little to no niche differentiation for resources such as food and shelter (e.g. OchwadaDoyle et al. 2010) , stock enhancements can result in competition between them at release sites with limited resources. If this competition is asymmetrical (i.e. it affects wild and captive-bred animals in different ways), it may lead to wild stocks restricting the survival, growth or fecundity of captive-bred individuals or captive-bred animals out-competing their wild counterparts (Fleming & Gross 1993 , Berejikian et al. 2001 , Woodworth et al. 2002 . While the first scenario may impede the intended outcome of a stock enhancement programme, the latter could lead to further declines in the density of the wild population or the accumulation of deleterious alleles from captive-bred animals (Blankenship & Leber 1995 , Ryer 2004 , Araki et al. 2007 .
Differential competitive abilities among wild and captive-bred animals can arise due to several factors. For instance, animals bred in captivity may be less effective competitors compared to wild animals due to changes in their behavioural, morphological or physiological phenotypes induced by rearing in a captive environment (Weber & Fausch 2003) . Such alterations can hinder the development of characteristics that were not required in captivity, but are essential for survival in the wild (Einum & Fleming 2001) . Alternatively, the conditions of a hatchery environment can endow captive-bred animals with a competitive advantage over their wild conspecifics. For example, the absence of predatory stimuli and the high rearing densities within some captive environments may select for individuals that forage aggressively (Weber & Fausch 2003) . The resulting hyper-aggression of captive-bred individuals can lead to the exclusion of their less aggressive and more cautious wild conspecifics through interference competition (Mason & Chapman 1965 , Branch 1984 .
Historically, the impact of increased competition between wild and captive-bred animals at release sites has only been realised after significant resources have been invested in large-scale releases. For example, 2 yr after releasing 1950 to 3885 captive-reared brook trout Salvelinus fontinalis into each of 6 lakes (0.13 to 0.25 km 2 in size) in Quebec, Canada, asymmetric competition with native competitors was identified as the cause of low survival and reduced growth rates among captive-bred individuals (Lachance & Magnan 1990) . Recreational anglers, who were the intended beneficiaries of the stocking programme, consequently experienced low (0.031 to 0.50%) recovery of released S. fontinalis (Lachance & Magnan 1990) . Only in recent years have preliminary evaluations been encouraged to examine the possible ecological impacts of stock enhancements and determine the factors that may limit the survival of released individuals (Sarrazin & Barbault 1996 , Leber 1999 , Taylor et al. 2005 , Bose & Sarrazin 2007 ). An integral part of this evaluation process is the use of experiments to examine the effect of stock enhancement on ecological interactions such as competition.
Here we used laboratory experiments to examine competition between captive-bred and wild eastern king prawn Penaeus plebejus Hess. Note that this species' name was previously changed to Melicertus plebejus following the elevation of several subgenera of Penaeus to the level of genus by Pérez Farfante & Kensley (1997) . However, the revised nomenclature has been controversial for some taxa (e.g. Lavery et al. 2004 , Flegel 2007 , McLaughlin et al. 2008 , and the original names have consequently been retained for Australian species, following Baldwin et al. (1998) and Lavery et al. (2004) . P. plebejus was chosen as the test species for this study because it is a current candidate for stock enhancement along the east coast of Australia (e.g. Taylor 2010) . Like other penaeids (Minello & Zimmerman 1985 , Skilleter et al. 2005 , this species has mainly been shown to exhibit a strong association with macrophytic habitat during the nursery phase of its life cycle (Young 1975 , 1978 , Ochwada et al. 2009 ). This penaeid−macrophyte asso ciation has usually been attributed to the abundance of feeding resources and shelter from predators available within macrophytes (Kitting et al. 1984 , Kenyon et al. 1995 , Liu & Loneragan 1997 , OchwadaDoyle et al. 2010 . We therefore used experiments to quantify the effect of competition for food and refuge within artificial macrophytes on the survival of juvenile captive-bred and wild P. plebejus as densities are increased and as the alternative category of juveniles (wild or captive-bred) is added to each category.
We predicted that the absence of predatory stimuli and the high rearing densities typical of penaeid hatcheries would favour aggressive behaviours in captive-bred Penaeus plebejus and that this would lead to the competitive dominance of this category. For each of food and shelter, we therefore hypothesised that (1) mortality due to competition would increase as densities were increased for both wild and captive-bred P. plebejus and (2) mortality due to competition between the 2 categories would be greater than mortality due to competition within wild P. plebejus, but lower than that within captive-bred P. plebejus. The results are discussed in the context of the Lotka-Volterra theory on competition to explore the implications for the long-term coexistence of captive-bred and wild P. plebejus following stock enhancement. We conclude that competition for shelter may lead to high mortality among captivebred P. plebejus and that this could potentially limit the intended outcomes of stock enhancement.
MATERIALS AND METHODS

Study species
Penaeus plebejus is endemic to the east coast of Australia (Courtney et al. 1995) , and its distribution ranges from central Queensland to eastern Victoria and the waters of north-eastern Tasmania (Montgomery et al. 2007 ). Adult P. plebejus spawn from 9 mo of age, and spawning takes place in warmer offshore waters within the northern ranges of the species' distribution (Racek 1959 , Ruello 1975 , Courtney et al. 2002 . Spawning in this species has been reported to occur principally between January and June (Racek 1959 , Ruello 1975 . Large females (between 4 and 6 cm in carapace length, CL) can produce up to 1 million planktonic eggs which hatch into nauplius larvae in offshore waters (Dall et al. 1990a) . These larvae are then transported southward to shallow nursery habitats within estuaries via the Eastern Australian Current (Montgomery 1990 , Rothlisberg et al. 1995 . The larvae remain within these nursery habitats, where they develop into juveniles (Young 1978 , Reid & Montgomery 2005 . During the nursery phase of the penaeid lifecycle, structured habitats generally support more individuals (Heck & Thoman 1984 , Hill & Wassenberg 1993 . For P. plebejus, juveniles are usually more abundant in macrophyte beds than adjacent bare habitats at small spatial scales (Young 1978) , and their densities are often positively correlated with macrophytic cover (Skilleter et al. 2005) . Macrophytes and their epiphytes have been shown to contribute to the juvenile penaeid diet (Kitting et al. 1984 . Experimental work has also shown that predation by fish on postlarval and juvenile P. plebejus in estuaries is significantly lower in macrophyte habitats compared to bare areas (Ochwada et al. 2009 , Ochwada-Doyle et al. 2010 . Once maturing juveniles reach a mean (± SE) CL of between 1.90 ± 0.01 cm and 2.84 ± 0.02 cm (total length, TL, ~7.6 to 11.68 cm), they begin to emigrate from estuarine waters and move northward along the coast towards the species' spawning grounds (Ruello 1975) . P. plebejus is a fastgrowing species with a life cycle that can extend to 3 yr (Ruello 1975) .
Sampling and preparation of study species
Wild juveniles (W), which were produced without human intervention and had recruited into an open lake on the south-eastern coast of Australia (Merimbula Lake; 36°53' 51" S, 149°53' 05" E), were collected at an average size (± SE) of 4.46 ± 0.03 cm in TL (CL ~1.11 cm). Wild Penaeus plebejus were captured using an epibenthic sled with an opening of 80 × 45 cm and a 2 m long, 2 mm stretch-mesh net which was towed by hand over macrophytic habitat within Merrimbula Lake. Once captured, W P. ple bejus were transported in aerated 50 l tanks to a flow-through, coarse filtered aquarium facility at Cronulla Fisheries Research Centre (34°04' 21" S, 151°08' 56" E) 3 d prior to their use in the experiments. At the research centre, they were transferred into 2500 l fiberglass holding tanks lacking any form of substrate or predatory stimulus. They were held in these tanks at densities of 46, 44, 54 and 50 ind. tank −1 . Captive-bred (C ) juveniles were produced in a com mercial hatchery (Rocky Point Aquarium, Gold Coast, Australia) using 97 wild brood-stock (~1:96 male to female sex ratio with many of the females already inseminated when collected) collected from coastal waters off central eastern Australia (between 30°16' 49" S, 153°12' 06" E and 24°45' 06" S, 153°01' 22" E). After hatching, the C individuals were reared in the hatchery for 18 d. During this early rearing period, the C Penaeus plebejus were held in 40 000 l parabolic fiberglass tanks at densities of approximately 200 000 ind. tank −1 and fed commercial hatchery pellets (1.5 l tank −1 d −1 ) consisting of marine and plant proteins, plant meals, yeast, algae, marine oils, vitamins and antioxidants. The tanks lacked any form of substrate or predatory stimulus. After 18 d, the C P. plebejus were transported in 10 l of water in sealed plastic bags carried within sealed boxes to Cronulla Fisheries Research Centre where they were held within 2500 l fiberglass holding tanks at densities of 41, 56, 51 and 43 ind. tank −1 . They were reared for a further 48 d to an average TL (as measured from a haphazardly selected subsample of juveniles) of 4.03 ± 0.05 cm (CL ~1.00 cm). The feeding regime from the early rearing period was maintained up until 3 d prior to the experiments, and the holding tanks at Cronulla Fisheries Research Centre also lacked substrates or predatory stimulus.
Three separate experiments were conducted in this study to examine (1) the effects of tagging on the survival of juveniles; (2) competition for feeding resources between W and C juveniles within artificial macrophytes; and (3) competition for refuge from predators between W and C juveniles within artificial macrophytes. These experiments are referred to here after as 'tagging study', 'competition for food' and 'competition for refugia', respectively. The W and C juveniles used in each competition experiment were taken from the holding tanks 12 h before the experiments began. The juveniles were then sedated by placing them in iced water and tagged using VI Alpha Numeric Tags (Northwest Marine Technology, 1.2 mm × 2.7 mm) inserted laterally into their last abdominal segment beneath the exoskeleton. These tags allowed individual juveniles to be identified. The wet weight of each juvenile was measured to the nearest 0.1 g immediately after tagging and before being allocated to a treatment in each competition experiment. There were no significant differences between W and C juveniles in terms of weight in the competition for food experiment (t = 1.55; p = 0.26; n = 3; α = 0.05) and in the competition for refugia experiment (t = 0.33; p = 0.77; n = 3; α = 0.05).
Experimental tanks
The tagging study was conducted in 2 separate 100 l fiberglass treatment tanks (radius: 25 cm; height: 50 cm), and each treatment tank was replicated twice. These tanks did not contain any form of substrate or predatory stimulus. Each competition experiment was conducted in 9 separate 100 l fiberglass treatment tanks, with 3 replicate tanks of each treatment. The floor of each tank was covered by artificial macrophytes composed of AquaMat © , a positively buoyant synthetic matting with a high microscopic surface area. The AquaMat © was divided into 25 cm high × 1.5 cm wide blades attached to a weighted basal length of the same synthetic matting. Three 20 cm basal lengths of AquaMat © , each with approximately 13 attached blades, were haphazardly placed on the floor of each tank to make up a density of blades that was equivalent to a high shoot density of approximately 200 shoots m −2 (see Webster et al. 1998 ) and a surface area of 0.75 m 2 of macrophytic structure per m 2 of substrate. AquaMat © effectively simulates the blades and leaves of macrophytes in the wild (Arnold et al. 2005) . Prior to placing the AquaMat © into the tanks used to examine competition for food, the AquaMat © units were left within a natural bed of seagrass (mainly Posidonia australis Hooker f. and Zostera capricorni Aschers; Kirkman & Reid 1979 ) near the aquaria facility for 21 d. This facilitated colonisation of the units by natural microbiota and epiphytes upon which the Penaeus plebejus could feed. In the competition for refugia experiment, the AquaMat © was not conditioned before use. The average (± 1 SE) dissolved oxygen (DO), temperature and salinity across all tanks during all experiments of the study was 12.1 ± 0.07 mg DO l −1 , 20 ± 1.42°C and 36.6 ± 0.05, respectively.
Experimental design
Tagging study
Twelve juvenile Penaeus plebejus haphazardly selected from the W and C categories were used in the tagging study. From these 12 juveniles, 6 individuals were haphazardly sub-sampled (irrespective of category), weighed to the nearest 0.1 g and placed at equal densities into 2 independent replicate tanks, creating a nested design with 3 replicate juveniles tank −1 in 2 replicated tanks which were in turn nested in the Untagged treatment. The remaining 6 juveniles were sedated, weighed and tagged with the VI Alpha Numeric Tags. They were then placed into each of the remaining 2 independent replicate tanks at equal densities, repeating the nested design of 3 replicate juveniles tank −1 in 2 replicated tanks nested in the Tagged treatment. This experiment only assessed the effect of tagging on the survival of P. plebejus and assumed that the effects of tagging would not be significantly different between wild and captive-bred juveniles. The densities used in each tank were equivalent to a density of approximately 16 juveniles m −2 . After 28 d, during which the juveniles were fed hatchery pellets every second day, the number of juveniles that were dead or alive within each tank was recorded.
Competition for food
Experiments examining competition between 2 or more groups of animals need to be able to separate the effects of increased density from the effects of competition between the groups of animals in question (Olabarria et al. 2002 , Weber & Fausch 2003 . We used 9 separate tanks with different densities and combinations of W and C juveniles (Fig. 1, Table 1 ). This design facilitated simultaneous investigation of 4 aspects of competition: (1) the effect of competition on W juveniles as densities are increased (irrespective of which category of juveniles is added to induce the density increase); (2) the effect of competition on C juveniles as densities are in creased (irrespective of which category of juveniles is added to induce the density increase); (3) the effect of competition between W and C juveniles on W juve niles (i.e. the specific effect on W juveniles caused by addition of C juveniles to the former); and (4) the effect of competition between W and C juveniles on C juveniles (i.e. the specific effect on C juveniles caused by addition of W juveniles to the former; Fig. 1 , Table 1 ). Each of these aspects was measured and analysed independently for W and C juveniles. For each category of W or C juveniles, the design therefore examined the effects of 2 main factors: (1) the effect of increasing density (ID) and (2) the effect of having the alternative category of juveniles added (category added, CA).
To examine competition for food between W and C juveniles, tagged juveniles from each category (24 W and 24 C) were added to the 9 treatment tanks at the densities and combinations shown in Fig. 1 . In previ-119
Test
Treatment tanks used 1. Effect of competition on W juveniles as densities are increased 1, 3, 5, 7, 8 2. Effect of competition on C juveniles as densities are increased 2, 4, 6, 7, 9 3. Effect of between-category competition on W juveniles when C juveniles are added to them 3, 5, 7, 8 at increasing densities 4. Effect of between-category competition on C juveniles when W juveniles are added to them 4, 6, 7, 9 at increasing densities Table 1 . Penaeus plebejus. Treatment tanks used to assess how the proportional survival of wild (W ) and captive-bred (C ) juveniles was affected by increasing densities or addition of the alternative category of juveniles (refer to Fig. 1 ). For each treatment, there were n = 3 replicate tanks Fig. 1 . Penaeus plebejus. Densities and combinations of wild (W ) and captive-bred (C ) juveniles in 9 treatment tanks used to examine competition among and between the 2 categories of juveniles. Each tank was replicated 3 times (n = 3) ous stock enhancement experiments with a closely related penaeid species (Penaeus semisulcatus), density-dependent effects were not observed in seagrass beds with a high shoot density until the density exceeded 10 prawns m −2 (Loneragan et al. 2001 ). This density, which is equivalent to a density of about 2 juveniles tank −1 for the tanks used in the present study, was therefore chosen as the control density for each category, and it was predicted that at higher densities the macrophyte-based resources (food and refugia) used by penaeids would become limiting. The higher experimental densities used here represented 2 and 4 times the control density (i.e. 4 and 8 juveniles tank −1 or ~20 and 40 juveniles m −2
, Fig. 1 ). The experiment examining competition for food commenced immediately after the appropriate densities of W and C juveniles had been added to each tank and ran for 4 wk. During this time, tanks were monitored daily and dead juveniles and moults were removed. At the end of the experiment, each tank was drained of water and the number of surviving Penaeus plebejus from each category was determined. The relevant categories and treatments were then compared in terms of the proportion of W or C individuals surviving at the end of the experiment (Table 1) .
Competition for refugia
A similar experiment was used to examine competition for refugia between W and C Penaeus plebejus in the presence of a predator. The AquaMat © used in the competition for refugia experiment did not have a film of biota on its surface. Each tank contained a predatory fish (adult Centropogon australis, average TL = 10.02 ± 0.43 cm). C. australis were sampled from macrophytic habitats in Merimbula Lake 5 d before use in the experiment using a 10 m beach seine constructed with 5 mm stretch-mesh netting. The predators were transported to the aquarium facilities within an aerated tank (50 l) and then housed in a 100 l tank prior to the experiments. During this time, C. australis were fed with commercially purchased prawn flesh every second day. C. australis were added to each of the treatment tanks 2 h after tagged juvenile P. plebejus (24 W and 24 C) had been added to the tanks at the densities and combinations shown in Fig. 1 , and the experiment ran for 1 wk. During the week-long experiment, hatchery pellets were added to each tank on every third day to provide feed for the P. plebejus but no supplemental feed was added for the C. australis. At the end of the experiment, the tanks were drained and the C. australis and P. plebejus were located and removed. The numbers of W and C juveniles surviving in each tank were counted, and differences in proportional survival of W and C juveniles between relevant categories and treatments were compared (Table 1) .
Statistical analysis
Since the tagging study only had 2 replicate tanks in each treatment and very few animals per tank, we sought to combine data among the replicate tanks by using a nested experimental design and analysis. In order to justify combining data among replicate tanks of a treatment, a nested generalised linear model (GLM), assuming a quasi-binomial distribution (which allows for non-independence; Fox 2008), was first used to examine variation between replicate tanks in terms of the probability of a juvenile surviving. Survival was treated as a binary variable in the model (0 = dead, 1 = alive). If variation between replicate tanks was not significant at α = 0.05, it was examined again at α = 0.25 so that the probability of making a Type II error (i.e. retaining the null hypothesis of no difference between replicate tanks when it is in fact false) was minimised (Underwood 1997) . If the latter test also showed that there was no significant variation among replicate tanks, combining animals in replicate tanks of each treatment was justified and the main factor in the GLM (Treatment: Tagged versus Untagged) was then examined to determine whether the tagging treatment was associated with the probability of a juvenile being alive at the end of the study at α = 0.05. For the GLM, partial z-tests were used to test the null hypothesis that β i = 0 for each factor in the model, where β i was the partial regression coefficient for a factor. It must be noted that the tagging study was a pilot-scale experiment, and the results should therefore be interpreted with some caution.
For each competition experiment, an asymmetrical analysis of variance (ANOVA, α = 0.05) similar to that described by Underwood (1997) was used to examine the effect of competition on each of W and C juveniles separately (Table 2 ). The ANOVAs for each category were conducted separately to avoid nonindependence of data, resulting in a total of 5 treatment tanks being compared in each analysis. The analyses examining the effects of competition on W juveniles considered only the W juveniles in tanks 1, 3, 5, 7 and 8, while those examining the effects of competition on C juveniles considered only the C juveniles in tanks 2, 4, 6, 7 and 9 (Fig. 1, Table 1 ). The proportional survival of W in a particular tank, for example, was calculated as the total number of W individuals surviving in that tank at the end of the experiment divided by the total number of W individuals initially put into that tank. The asymmetry in the design was created by the fact that there was only 1 set of control density treatments for each category, which precluded the symmetry needed to match the non-control levels of the factor ID and the levels of the factor CA in an orthogonal design.
If the ID × CA was not significant, the F-ratios of the main effects from the 2-factor ANOVA could then be used to determine the effects of ID and CA on either W or C individuals. If the ID × CA interaction was significant, Student-Newman-Keuls (SNK) tests (α = 0.05) and examination of means were employed, respectively, to determine the effects of ID and CA separately.
RESULTS
Tagging study
For the tagging experiment, the nested GLM showed that at both α = 0.05 and α = 0.25, the probability of a juvenile surviving was not significantly dif- Table 2 . Penaeus plebejus. Asymmetrical design for the separate analyses of variance (ANOVAs) used to examine the effects of competition on either wild (W ) or captive-reared (C ) juveniles. For effects on each category, survival data from 5 treatment tanks (any one of which are represented by i) were first analysed by a single-factor ANOVA. The degrees of freedom (df) and sum of squares derived from this ANOVA were used to calculate the mean-square estimates (MS) for the sources of variation in the asymmetrical ANOVA annotated with superscript a. Data from 4 non-control tanks were then analysed in a 2-factor ANOVA (with increased density, ID, and addition of the alternative category, CA, as the 2 fixed factors) to calculate the MS for the sources of variation annotated with superscript b. Any given treatment of the factor ID is represented by j and any given treatment of the factor CA is represented by k. n = 3 replicate tanks for all treatments, and each asymmetrical ANOVA examined variation in proportional survival (1) among treatments and (2) within treatments (the latter was measured by variation among the 3 independent replicate tanks of each treatment). Since all factors in the analyses were fixed, all sources of variation were tested against the residual mean-square calculated in the single factor ANOVA. σ e 2 is the variance with which the samples are distributed around their mean ferent between replicate tanks in the Tagged treatment (p(>|z|) = 0.47) or the Untagged treatment (p(>|z|) = 1.00). Combining individual prawns from the replicate tanks was therefore justified, and the GLM showed that the probability of a juvenile surviving was not significantly different between the Tagged and Untagged treatments (p(>|z|) = 0.47).
Competition for food
Across all tanks used, the first mortalities during the experiment occurred on Day 16 within replicates of tank 6 (2C + 6C) and tank 7 (2W + 2C). From Day 19 and thereafter, mortalities began occurring in all of the other treatment tanks. The average proportional survival of W juveniles declined gradually when the control density of W individuals was doubled, and this decline was marked when this density was quadrupled (Fig. 2a) . The ANOVA showed that the overall effect of ID on the survival of W juveniles was significant (Table 3) . At a density of 8 juveniles tank −1 , survival of W juveniles when C juveniles were added to them (2W + 6C) was similar to that observed when W juveniles existed alone at the same density (2W + 6W; Fig. 2a) . Survival of W juveniles at a density of 4 juveniles tank −1 was also similar between tanks in which C juveniles were added to W juveniles (2W + 2C) and those in which W juveniles existed alone (2W + 2W; Fig. 2a) . The ANOVA confirmed that the effect of adding C juveniles on the survival of W juveniles, as quantified by the CA factor, was not significant (Table 3) .
When the density of C individuals was increased, there was a slight initial increase in the proportional survival of C followed by a marked decline in proportional survival at the highest densities (Fig. 2b) , and the effect of ID on the survival of C juveniles in the ANOVA was significant (Table 4) . Survival of C juveniles when W juveniles were added to them (2C + 2W and 2C+ 6W) was not significantly different from that observed when C juveniles existed alone (2C + 2C and 2C + 6C; Fig. 2b , Table 4 ).
Competition for refuge
In the presence of a predator, the proportional survival of W individuals was significantly lower in tanks containing 8 W juveniles compared to those containing 2 or 4 W juveniles (Fig. 3a, Table 5 ). At a density of 8 juveniles tank −1 , fewer W juveniles died when C juveniles were added to them (2W + 6C) compared to the proportion of W that died when W juveniles existed alone (2W + 6W; Fig. 3a) . Survival of W juveniles at a density of 4 juveniles tank −1 was similar when C juveniles were added to W juveniles (2W + 2C) and when W juveniles existed alone (2W + Fig. 2 . Penaeus plebejus. Mean (± SE) proportional survival of (a) wild (W ) and (b) captive-bred (C ) juveniles in an experiment examining competition for food within and between the 2 categories. Treatment tanks contained different combinations and densities of each category of juveniles (see Fig. 1) 2W; Fig. 3a) . The ANOVA found that CA did not have a significant effect on the survival of W juveniles in the presence of a predator (Table 5) . When the density of C individuals in creased from 2 juveniles tank −1 to double this density and then 4 times this density in the presence of a predator, the survival of C juveniles showed a significant continuous decline (Fig. 3b , Table 6 ). When 2 W juveniles were added to a control density of 2 C juveniles, the survival of C juveniles (0.33) was nearly half of that observed when 2 C juveniles were added to a density of 2 C juveniles (0.67; Fig. 3b) . Similarly, when 6 C juveniles were added to 2 C juveniles in the presence of a predator, survival was 0.25 but dropped to 0 when 6 W juveniles were added to 2 C juveniles (Fig. 3b) . The effect of CA on the survival of C juveniles was significant ( Table 6 ), suggesting that survival of C juveniles was affected as refuge in the presence of a predator became in creasingly limited due to the addition of W juveniles. Table 5 . Penaeus plebejus. Asymmetrical analysis of variance used to determine how the proportional survival of wild (W ) juveniles is affected by competition for shelter from predators between W and captive-bred (C ) juveniles. The analysis examines the effect of increasing the density (ID) of juveniles and assesses the effect of adding C juveniles to W juveniles (CA). p values in bold denote statistically significant effects at α = 0.05. For each treatment, n = 3 replicate tanks. Variances among treatments were homogeneous (Cochran's test: C = 0.31; p = 1) Fig. 3 . Penaeus plebejus. Mean (± SE) proportional survival of (a) wild (W ) and (b) captive-bred (C ) juveniles in an experiment examining competition for shelter within and between the 2 categories. Treatment tanks contained different combinations and densities of each category of juveniles (see Fig. 1 Table 6 . Penaeus plebejus. Asymmetrical analysis of variance used to determine how the proportional survival of captive-bred (C ) juveniles is affected by competition for shelter from predators between C and wild (W ) juveniles. The analysis examines the effect of increasing the density (ID) of juveniles and assesses the effect of adding W juveniles to C juveniles (CA). p values in bold denote statistically significant effects at α = 0.05. For each treatment, n = 3 replicate tanks. Variances among treatments were homogeneous (Cochran's test: C = 0.69; p = 0.28)
DISCUSSION
The experimental design presented here may be used to predict the outcomes of competition between wild and captive-bred conspecifics following stock enhancement programmes. If the results reported here are shown to be consistent in larger experimental systems, at different times and in a range of natural conditions, competition for food and shelter induced simply by increasing population densities of Penaeus plebejus during stock enhancement could limit the survival of both wild and captive-bred P. plebejus. Between-category competition for refugia induced by adding captive-bred P. plebejus to wild conspecifics may also lead to the loss of captive-bred animals. In contrast, our results suggest that competition for food and shelter between these categories would not necessarily lead to the loss of wild individuals. For both wild and captive-bred P. plebejus, our first alternative hypothesis (i.e. mortality due to competition would increase as densities were increased) was supported by the laboratory experiments as both food and shelter became limited. However, the second alternative hypothesis (i.e. mortality due to competition between the 2 categories would be greater than mortality due to competition within wild P. plebejus, but lower than that within captive-bred P. plebejus) was not supported for either category as both food and shelter became limited.
As food and shelter from predators became limited at high densities of Penaeus plebejus, both wild and captive-bred juveniles exhibited significantly lower survivorship. This pattern is consistent with the theory of density dependence, which states that competition for essential resources can induce density-dependent mortality to lower a population's size (Keeley 2001) . Although no previous studies have examined competition between wild and captive-bred penaeids, densitydependent survival in response to food limitation has been observed in P. esculentus and P. setiferus (Williams et al. 1996 , Arnold et al. 2005 . Since epiphytes contribute significantly to the juvenile penaeid diet (Kitting et al. 1984 , Dall et al. 1990b , competition for the epiphytes present in our competition for food experiment may have led to higher mortality rates in both wild and captive-bred juveniles when densities were increased. The structural complexity of macrophytes can also limit predation mortality for penaeids by providing refuge or by reducing a predator's foraging efficiency (Primavera 1997 , Ochwada et al. 2009 ). Competition for shelter may have, therefore, similarly increased at higher densities, leading to predation mortality for ineffective competitors.
The density-dependent effects of limitation of food and shelter were significant in the tanks containing 8 and 4 juveniles, respectively. These densities equate to 4× and 2× the maximum natural density observed in macrophytes for wild Penaeus plebejus (Young & Carpenter 1977) . For target release sites where availability of food is of greater concern than availability of shelter (i.e. systems with low predator densities), only releases of P. plebejus that result in total population densities ≥4× the natural density should lead to considerable mortality if the current laboratory findings can be extrapolated to the field. In release sites where predator densities are high relative to macrophytic cover, releasing P. plebejus to make up total densities of ≥2× the natural density is not recommended as it may result in significant mortality and limit the intended effects of stock enhancement. Once again, this recommendation would depend on the generality of our findings in wild conditions.
When food was limited, the effect of adding individuals from the alternative category on the survival of either wild or captive-bred juveniles did not differ significantly from the effect of adding individuals from their own category. Competition for food within each category of juveniles when present alone (i.e. intra-category competition) was therefore equivalent to competition between the 2 categories when in coexistence (i.e. inter-category competition). This implies that captive breeding does not hamper the developmental or genetic acquisition of the strategies used to find and exploit food in Penaeus plebejus. Although similar studies on competition have not been conducted on penaeid species, a small number of studies on non-penaeid species such as brown trout Salmo trutta have reported equivalent compe titive abilities between wild and captive-bred individuals (e.g. Bohlin et al. 2002) . The majority of research, however, points to a difference in the competitive abilities of wild and captive-bred conspecifics (Berejikian et al. 1997 , Berejikian et al. 2001 . In terms of competition for food, Metcalfe et al. (2003) found that wild Atlantic salmon S. salar were competitively dominant over captive-reared conspecifics and attributed this to ineffective aggressive behaviours in captive-bred individuals, resulting in their failure to obtain feeding territories during direct contests with wild individuals. Berejikian & Tezak (1999) observed a reversal in this pattern with captive-bred coho salmon Oncorhynchus kisutch outcompeting wild indivi duals and suggested that artificial rearing may have endowed captive-reared individuals with a phenotypic advantage in terms of their ability to acquire food.
According to the Lotka-Volterra model of competition, the relative strength of competition between 2 categories of organisms versus the strength of competition within each category can determine whether the 2 categories will coexist through time (Begon et al. 1986 ). In general, coexistence can occur if intracategory competition is greater than inter-category competition (Chesson 2000 , Hart & Dustin 2009 . If the effects of inter-category competition are stronger on a particular category than the effects of intracategory competition, then the weaker category is likely to be excluded (Boaventura et al. 2002) . When the relative strengths of inter-and intra-category competition are equal, as shown here for wild and captive-bred Penaeus plebejus competing for food, coexistence is only possible if at least 1 of the categories exhibits over-compensatory density regulation (Chesson 2000 , Münkemüller et al. 2009 ). Overcompensation occurs when individuals 'scramble' for a coveted resource to acquire as much of it as possible, leading to some organisms acquiring more than the minimum required and others acquiring insufficient amounts to sustain survival (de Jong 1976 , Münke müller & Johst 2006 , Münkemüller et al. 2009 ). Over-compensation therefore results in frequent peaks and crashes in at least 1 category's density (Münke müller et al. 2009 ), providing a mechanism for intra-category competition to periodically exceed inter-category competition which in turn facilitates co existence (Chesson 2000) .
The feeding behaviour of juvenile Penaeus plebejus has not been studied directly, so it is difficult to determine whether over-compensation occurs in this species. There are, however, observations on related species which suggest a scramble feeding behaviour among penaeids. Juvenile P. semisulcatus and adult P. esculentus have been reported to feed throughout a 24 h cycle and digest as much food as possible shortly after consumption to support this continuous feeding mode (Hill & Wassenberg 1987 , Heales et al. 1996 . Furthermore, the high rearing densities of the hatchery in the present study may have resulted in the development of scramble-for-food foraging behaviour among captive-bred P. plebejus juveniles or selected for individuals that possess this behaviour (Weber & Fausch 2003) . Thus, even if the results documented here were consistent in larger and more general experimental systems, scramble feeding behaviour in P. plebejus could potentially enable wild and captive-bred individuals to coexist via overcompensation when food is in short supply.
When refuge from predators was limited, the effect of competition between captive-bred and wild Penaeus plebejus on the survival of wild individuals was not significantly different from the effect of competition among wild individuals alone. In contrast, the survival of captive-bred individuals was significantly lower when wild individuals were added to them compared to when captive-bred individuals existed alone. These findings suggest that wild P. plebejus are better competitors for shelter than captive-bred individuals, possibly due to limited developmental acquisition of the cues used for predator detection and avoidance in captive-bred individuals as a result of being reared in an environment that is free of predatory stimuli (Einum & Fleming 2001 , OchwadaDoyle et al. 2010 . Captive-bred blue crabs Callinectes sapidus and Salmo salar have been reported to be more susceptible to predation mortality than their wild conspecifics as a result of poor familiarity with natural predators and inexperience with the use of behavioural escape mechanisms (Einum & Fleming 1997 , Jonsson 1997 , Davis et al. 2004 , Houde et al. 2009 ). Therefore, similar behavioural deficits in captive-bred P. plebejus may have contributed to their higher mortality in the presence of predators. Such deficits may be mitigated through captive rearing in environments enriched with natural stimuli (e.g. predatory stimuli, simulated pro tective structures, natural prey) prior to stock enhancement. It should be noted, however, that the captive-bred individuals in this study may have been exposed to some form of predation whilst in the hatchery because cannibalism has been previously recorded among captivereared penaeids when held at high densities (Arnold et al. 2005) .
According to the Lotka-Volterra model, the fact that the effect of inter-category competition for refuge on captive-bred Penaeus plebejus appeared to be stronger than the effect of intra-category competition suggests that exclusion of captive-bred individuals may eventually occur if our results apply to field conditions (Boaventura et al. 2002) . In examining competitive interactions between the introduced signal crayfish Pacifastacus leniusculus and the indigenous Japanese crayfish Cambaroides japonicus, Usio et al. (2001) found that C. japonicus was the weaker competitor for shelter and that inter-specific competition was stronger than intraspecific competition among C. japonicus. They concluded that this explained the local extinction of C. japonicus and the rapid expansion of the range of P. leniusculus. Similar conclusions were reported for competing species of grass shrimp (Palaemonetes vulgaris versus Palaemon floridanus; Coen et al. 1981 ).
If future research shows that our findings can be generalised across a range of scales, the exclusion of captive-bred Penaeus plebejus through competition for shelter may limit the long-term benefits of stock enhancement as a management tool aimed at supplementing depleted populations of this species in areas with limited macrophyte and high predator densities. This is an important finding in terms of assessing the feasibility of releasing penaeids in different systems, but is also interesting given that wild and captive-bred P. plebejus were previously shown to be equally capable of avoiding predation when present independently within an artificial macrophyte bed (Ochwada-Doyle et al. 2010) . The difference between these 2 related studies suggests that once the 2 categories exist together, competition for shelter begins to play an important role. It also highlights the importance of examining competition for resources when captive-bred and wild conspecifics coexist before releases into the wild are conducted.
The findings described here were determined using experiments undertaken in controlled laboratory conditions. A number of natural factors that show greater variability in wild conditions could affect the way wild and captive-bred Penaeus plebejus respond to decreasing levels of food and shelter. In water temperatures that are higher than the temperatures recorded in the current study, for example, greater consumption rates due to higher metabolic requirements for juvenile P. plebejus (Haywood & Staples 1993 , Ochwada-Doyle et al. 2011 ) may increase competition for food between the 2 categories. Future experiments conducted at broader spatiotemporal scales and in a range of environmental conditions are needed to test the generality of the findings reported here and therefore assist in developing a more general model for intra-specific competition among P. plebejus in stocked systems. Future experiments should also use wild and captive-bred individuals sourced from multiple estuaries and multiple hatcheries, respectively, to enable broader conclusions to be drawn.
CONCLUSION
This research highlights the importance of investigating competition between wild and captive-bred animals prior to implementing stock enhancement programmes. It also demonstrates the importance of determining the carrying capacity of targeted release sites prior to stock enhancement in relation to the known requirements (e.g. diet and shelter) of a candidate species and then releasing captive-bred individuals at densities that maintain a site's ability to support the projected total biomass (Munro & Bell 1997 , Loneragan et al. 2001 , Taylor et al. 2005 . If studies such as this can be replicated across several temporal and spatial scales for Penaeus plebejus and other candidates for stock enhancement, their findings may enable some of the predicted ecological consequences of stock enhancement to be compared with its intended benefits. This will assist in identifying situations in which stock enhancement may be an effective response to population loss. 
